We report on calorimetry under applied hydrostatic pressure and magnetic field at the antiferromagnetic (AFM)-ferromagnetic (FM) transition of Fe 49 Rh 51 . Results demonstrate the existence of a giant barocaloric effect in this alloy, a new functional property that adds to the magnetocaloric and elastocaloric effects previously reported for this alloy. All caloric effects originate from the AFM/FM transition which encompasses changes in volume, magnetization and entropy.
I. INTRODUCTION
Close to the stoichiometric composition, Fe-Rh solidifies in the CsCl structure (P m3m space group) and orders ferromagnetically below a Curie temperature around 680 K. Upon further cooling, this alloy undergoes a magnetic phase transition from a ferromagnetic (FM) to an antiferromagnetic (AFM) state. This transition is first-order, strongly composition dependent and does not involve breaking in the crystal symmetry. In the FM state Fe atoms have a ∼ 3 µ B moment and Rh atoms ∼ 1 µ B , while in the AFM there is no appreciable magnetic moment in Rh atoms and Fe atoms have ∼ 3 µ B moment with opposite sign on successive layers of (111) iron planes 1 . The first-order phase transition involves a significant latent heat (with associated entropy change), and due to a strong magnetostructural coupling the volume increases by ∼ 1% at the AFM to FM transition.
Although the magnetic transition in Fe-Rh was discovered in the late thirties 2 , the physical origin of the mechanisms giving rise to this transition is still a source of active debate [3] [4] [5] [6] [7] [8] .
In the recent years there has been a renewed attention in the study of Fe-Rh due to its potential technological interest. On the one hand, the AFM/FM phase transition which occurs at temperatures close to ambient has been found to be useful in thermally assisted magnetic recording devices 9 . On the other hand, the latent heat of the transition gives rise to a large entropy change when the transition is driven by an external field, which results in giant caloric effects suitable for solid-state refrigeration near room temperature. The present paper is aimed at investigating Fe-Rh in relation to their caloric properties.
A caloric effect refers to the isothermal entropy change or to the adiabatic temperature change taking place in a material when subjected to an external stimulus. Presently, there is intensive research in the study of materials with giant caloric effects near room temperature 10, 11 . Materials undergoing ferroic phase transitions are prone to exhibit giant caloric effects 11, 12 . In these materials changes of ferroic properties are induced by application of the thermodynamically conjugated field to the ferroic property, giving rise to magnetocaloric [13] [14] [15] , and electrocaloric 16, 17 effects for magnetic and electric fields respectively, and to mechanocaloric effects for mechanical stresses. It is worth noting that magnetic and electric properties are described by vector quantities but stress (and strain) are second-rank tensor properties. Hence, characterization of mechanocaloric properties involves measurements for, at least, two independent stress-tensor components in the case of elas-3 tically isotropic materials. Experimentally, mechanocaloric effects are usually studied by measuring the response of a ferroic material to uniaxial stress and to hydrostatic pressure, and the associated caloric effects are respectively known as elastocaloric and barocaloric.
Materials with giant elastocaloric 18, 19 and barocaloric 20, 21 effects have also recently been reported.
Caloric effects can be either conventional or inverse depending on whether the applied field isothermally reduces or increases the material's entropy. While conventional effects are commonly observed, inverse caloric effects have been reported in several ferroic materials [21] [22] [23] .
These inverse caloric effects are usually related to the existence of an interplay between different ferroic properties of the material 24 .
In Fe-Rh a giant magnetocaloric effect was first reported in the early nineties 25, 26 , prior to the seminal work on the giant magnetocaloric effect in Gd-Si-Ge 27 that boosted the research in the field. However, Fe-Rh was considered to be of no practical use because the effect was believed to be irreversible in an alternating magnetic field and even to disappear after a few cycles [28] [29] [30] . Later studies indicated that reproducibility could be achieved for 5 T fields provided that the sample was subjected to a proper combination of isothermal and adiabatic processes 31 . With regards to mechanocaloric effects, studies of the AFM/FM transition under uniaxial stress showed that this alloy also exhibited an elastocaloric effect 32 . Both magnetocaloric and elastocaloric effects are inverse. In Fe-Rh, the symmetry-adapted straintensor component describing the structural change accompanying the AFM/FM transition is a dilatational strain (volume change), which couples to hydrostatic pressure. It is therefore expected that the transition will be more sensitive to hydrostatic pressure than to uniaxial stress, and there are indeed evidences of a strong dependence of the transition temperatures to hydrostatic pressure 33, 34 . These facts point to the existence of a large barocaloric effect at the AFM/FM pressure-induced transition. Moreover, since pressure increases the stability of the low-volume (AFM) phase in such a way that the AFM/FM transition temperature shifts to higher values with increasing pressure, it can be anticipated that the associated barocaloric effect will be conventional.
In this paper we report on calorimetric measurements under hydrostatic pressure which demonstrate that Fe-Rh alloys do show a giant conventional barocaloric effect. These ex- Calorimetric measurements under magnetic field were carried out by means of a custombuilt high-sensitivity differential scanning calorimeter (DSC) described in 35 . That device allows both isofield measurements performed by scanning the temperature (typical rates ±0.5 K min −1 ) and also isothermal measurements performed by scanning the magnetic field (typical rates ±0.16 T min −1 ). From these measurements quasi-direct (isofield data) and direct (isothermal data) computations of the entropy change are performed as described in 35 .
Complementary magnetization measurements were carried out in a physical property measurement system (PPMS, Quantum Design). By numerical integration of calorimetric curves as described in 21 and 35 we have obtained the entropy (∆S t ) and enthalpy (∆h t ) changes corresponding to the AFM/FM transition. The line is a linear fit to the data.
sequence of the magnetostructural transition which involves a large entropy change (∆S t ).
The saturation value for the barocaloric and magnetocaloric effects is reached for low values of pressure and magnetic field, as illustrated in Fig. 5 (a) which shows |∆S| max , the absolute value of the maximum in the ∆S vs T curves depicted in Fig. 4 , as a function of pressure 8 and magnetic field. The performances of a given material for solid-state refrigeration are typically analysed in terms of the relative cooling power (RCP ) which provides an estimate about the amount of heat that can be transferred in a field cycle between cold and hot reservoirs, and is defined as RCP = |∆S| max × δT F W HM , where δT F W HM is the temperature width at half maximum of the ∆S vs T curves (Fig. 4) . These values are shown in Fig. 5(b) for the barocaloric and magnetocaloric effects.
IV. DISCUSSION
We have shown that in addition to the already reported magnetocaloric and elastocaloric effects, Fe-Rh alloys also exhibit a barocaloric effect associated with the volume change at the AFM/FM phase transition which enables the transition to be driven by hydrostatic pressure. These outstanding values for the caloric strengths arise from the sharpness of the transition and the strong sensitivity of the transition temperatures to both pressure and magnetic field.
It is worth comparing the caloric response of Fe-Rh to hydrostatic pressure and uniaxial stress. The sensitivity of the transition temperature to hydrostatic pressure (dT /dp ≃ 6× 10 −8 K Pa −1 ) is about three times larger (in absolute value) than to uniaxial stress (dT /dσ ≃ -2 × 10 −8 K Pa −1 ) 32 which indicates a larger barocaloric effect than the previously reported elastocaloric one. Although there are no entropy values available for the elastocaloric effect, the estimated uniaxial stress value to induce the full AFM/FM transition (resulting in the saturation value for ∆S) is ∼ 300 MPa which renders a lower elastocaloric strength |∆S|/∆σ
As previously mentioned, the reproducibility in the magnetocaloric effect has been a controversial issue [28] [29] [30] [31] . Isothermal DSC with magnetic field enables direct determination of the magnetic field-induced entropy change and it is a unique tool to study the reproducibil- ity of the magnetocaloric effect upon field cycling 38, 39 . We have performed calorimetric measurements at selected values of the temperature while magnetic field was swept. The measurement protocol is described in detail in 35 . Fig. 6 shows the calorimetric signal as a function of magnetic field, recorded on the first application (upper curves) and first removal (lower curves) of a 6T field at selected values of temperature. Increasing the field drives the sample from AFM to FM phases with the absorption of latent heat (endothermal process) while the sample transforms from FM to AFM upon removal of the field and releases the latent heat (exothermal process). By taking the peak value as the transition field at each temperature we obtain a field dependence of the transition temperature that perfectly matches data from isofield measurements shown in Fig. 3 .
Integration of isothermal calorimetric curves provide a direct determination of the fieldinduced entropy change (∆S). Results for 2 T and 6 T are plotted in Fig. 7 signals upon isothermal succesive magnetic field cycles between 0 and 6 T is shown in Fig.   8 . The good reproducibility exhibited by calorimetric curves demonstrates an excellent reversibility of the magnetocaloric effect. ∆S values are computed from numerical integration of these curves and are constant upon successive field cycling within experimental error.
Data for all studied temperatures at 2 and 6 T are indicated as open symbols in Fig. 7(b) .
Reversibility of a given caloric effect is expected to be restricted within a certain temperature range which depends on the magnitude of the applied external field. This region can be determined from experiments carried out both on cooling and heating 35 and is indicated as a shaded area in Fig. 7 . In the case of a conventional caloric effect (as the barocaloric effect here) this region is bounded by the transition temperature of the reverse (AFM to FM) transition at atmospheric pressure and the transition temperature of the forward (FM to AFM) transition under applied pressure. For an applied pressure of 2.5 kbar the region where barocaloric effect will be reproducible extends from 319 to 325 K. For an inverse caloric effect (as the magnetocaloric here) the reversibility region is bounded by the reverse (AFM to FM) transition temperature under applied field and the forward (FM to AFM) transition temperature at zero field. The magnetocaloric effect is reversible within 294 and 306 K for 2 T and within 257 and 306 K for 6 T.
The isothermal entropy changes associated with the barocaloric and magnetocaloric effects saturate for pressures ∼ 1 kbar and fields ∼ 1 T to a value which coincides with the total transition entropy change (see Fig. 5 ). Such a tendency towards saturation has not been found in other giant magnetocaloric materials. For instance, in Gd-Si-Ge, the entropy change shows a monotonous increase with increasing magnetic field 40 while in some magnetic shape memory alloys the entropy change increases up to a maximum value and decreases upon further increasing magnetic field 41 . These different behaviours can be understood by taking into consideration that the entropy change contains contributions from the latent heat (transition entropy change) and also intrinsic contributions from both high temperature and low temperature phases 42 . For the particular case of Fe-Rh the fact that magnetocaloric and barocaloric data saturate to a value which coincides with the transition entropy change indicates that the intrinsic magnetic and elastic contributions of the AFM and FM phases are small. In the magnetic case, the importance of these intrinsic contributions is given by the value (∂M/∂T ) H in each phase. As shown in Fig. 2 , M vs T curves are almost flat in both AFM and FM phases, for different values of magnetic field, and the estimated intrinsic contributions to ∆S are one order of magnitude lower than that from the magnetostructural transition. In the FM state, such a weak temperature dependence is due to an almost saturated FM order since the transition takes place well below the Curie point. In the AFM, neither temperature nor magnetic field significantly affect the AFM order. This could be attributed to a large magnetocrystalline anisotropy.
For the barocaloric effect, the intrinsic contribution is given by
Where β is the thermal expansion and v, the specific volume. By using reported data for β and v 5 , we estimate that for p=2.5 kbar this contribution amounts to ∼ 0.6 Jkg Fe-Rh exhibits a conventional barocaloric effect and an inverse magnetocaloric effect.
Similar behaviour is also present in several Ni-Mn-based magnetic shape memory alloys 20, 43 .
In both cases the giant caloric effects are associated with a first-order phase transition which involves a decrease in magnetization and volume when the sample transforms from the hightemperature to the low-temperature phases. The total entropy of the alloy also decreases at this phase transition. There are, however, significant differences in the physical origins of the caloric effects between the two families of alloys when considering the different contributions to the entropy change which drives the magnetostructural phase transition. In Fe-Rh there is still some controversy on whether the major contribution to the entropy change arises from conduction electrons or from magnetic moments. While x-ray photoemission 47 . Therefore, while the transition in Fe-Rh is magnetically driven, with magnetization being the primary ferroic property, in magnetic shape memory alloys the martensitic transition is vibrationally driven, with a shear strain as a primary ferroic property.
V. SUMMARY AND CONCLUSIONS
By means of calorimetry under hydrostatic pressure we have shown that Fe 49 Rh 51 exhibits a giant barocaloric effect. This new functional property adds to the already reported magnetocaloric and elastocaloric effects in this alloy. All these caloric effects share the same physical origin which is the occurence of a first order AFM/FM phase transition which encompasses a significant entropy change. Actually, this transition entropy change (|∆S t | = 12.5 ± 1 J kg −1 K −1 ) represents the upper bound for the pressure-induced and magnetic field-induced entropy changes.
The reproducibility of the magnetocaloric effect has been studied by a direct determination of the field-induced entropy change from isothermal calorimetric measurements. The comparison between direct and quasi-direct methods at the magnetocaloric effect has enabled us to assess also the reproducibility of the barocaloric effect from the quasi-direct data.
We have found that for a field of 2 T the magnetocaloric effect is perfectly reproducible upon field cycling. This reproducibility is restricted within the temperature range 294-306 K and is increased to 257-306 K for a field of 6 T. The barocaloric effect is estimated to be reversible upon pressure cycling in the temperature range 319-325 K for applied pressures of 2.5 kbar.
Materials with cross-response to more than one external field are particularly interesting 11 .
In Fe-Rh application of hydrostatic pressure enhances the stability of the AFM phase and shifts the H − T transition line to higher temperature values, and application of magnetic field enhances the stability of the FM phase and shifts the p − T transition line to lower temperature values. Interestingly, such an opposite sensitivity of the transition to pressure and magnetic field has been proved to be useful in reducing the hysteresis of magnetostructural phase transitions by a proper combination of pressure and magnetic field 48 .
The energy difference between AFM and FM phases has been found to decrease with increasing magnetic field. Present results provide reproducible experimental data which we expect will encourage the development of theoretical models that include the effect of 
